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If the underlying flavor symmetry is Abelian, quark mixings in dn sector are the most prominent. 
Such flavor violating effects can reveal itself through da squark mixings if supersymmetry is real- 
ized in Nature. Quark-squark alignment is necessary to deal with Am/f and ek constraints, but 
interestingly, with m,, ~ TeV, the da mixing effects are comparable to Bd and Bs mixings in 
the Standard Model, while mixing is tantalizingly close to some hints from data. CP phases 
in these mixings would therefore be deviant, and \Vtd\ and arg l/^'j, may be larger than allowed by 
unitarity constraints, which can be checked by the BaBar and Belle experiments. Mixing induced 
CP violation in 6 ^ S7 and d7 transitions can be obtained, in particular, by sizable enhancement 
with an extra tan /3 factor from non-standard soft breaking terms. Heavy superparticles can escape 
present flavor changing neutral current (FCNC) bounds and direct searches at colliders, but reveal 
themselves in the B system. 
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I. INTRODUCTION 

Despite its great success, the Standard Model (SM) 
is widely regarded as a weak scale effective theory. We 
expect to encounter new phenomena that arise from a 
more complete theory as we increase the luminosity and 
energy of our probes. Although we have not observed 
any convincing deviation of experimental results from SM 
predictions (except neutrino oscillations there are a 
few hints on the existence of New Physics. 

It is well known that the sine of the CP violating phase, 
4>i (or (3) = aigVtd (PDG phase convention ||^), can be 
measured via the time dependent asymmetry, 

_ r(^°(0 ^ Jii^Kp ~ r(i?°(t) ^ Jii,K%) 

= sin 201 sin Ams^t. (1) 

Following earlier measurements the BaBar and 

Belle Collaborations have recently firmly established [^|J|] 
sin 201 to be nonzero. Compared to earlier low results of 
sin 201 = 0.58+° 34+°;'j'p (Belle) § and 0.34 ±0.20 ±0.05 
(BaBar) ||^, the corresponding numbers are now 0.99 ± 
0.14 ± 0.06 (Belle) § and 0.59 ± 0.14 ± 0.05 (BaBar) 
respectively. Combining the two most recent values 
without systematic errors, one gets the average value 

sin20i = 0.79±0.10. (2) 

While this is still consistent with the Cabibbo- 
Kobayashi-Maskawa unitarity (CKM) fit value of 
sin 201 — 0.698±0.066 [|l^ , the central value is now some- 
what on the high side, especially for the Belle number. 
If this trend persists — which we would know by sum- 
mer 2002 — it would imply the presence of New Physics. 
With this in mind, it is clearly a good time to study other 
related CP violation processes, especially those that are 
suppressed in the SM. 

It has recently been shown that charmless rare B de- 
cays favor [0 a value for 03 (or 7) = argV*^^ that is 



larger than the one obtained from the CKM unitarity fit 
p0| . The latter is dominated by recent improved bounds 
on AmBjAniB, 

Atob^ = 0.484 ±0.010 ps^\ (3) 
AmB, > 15.0 ps-i at 95% C.L., (4) 

which tends to squeeze out the large 03 possibility. One 
also has Bt{K+ niyP) = 4.2^11 x lO'^" from the 
E787 Collaboration |l3| , where the central value is several 
times above the SM expectation, implying a rather large 
\Vtd\- The last branching ratio, of course can be viewed 
as decreasing with time since no new events have been 
found. Combining the above, however, perhaps a more 
consistent picture would be if or Bs mixings have 
additional New Physics sources. This may already be 
indicated by the measurement of sin 20i in Eq. (|^) as we 
have discussed. It can alternatively be tested in the CP 
phase of B^ mixing, which can be studied at the Tevatron 
collider in the next few years. If a non- vanishing value 
is found, it would definitely imply New Physics since the 
SM prediction is zero. 

The E791, CLEO, FOCUS, Belle and BaBar Collab- 
orations have reported search results for CP asymme- 
tries in the neutral Z?-meson system |l^-|l9| . The search 
for D^-D^ mixing using CLEO II. V data su gge sts that 
XD = Amo/T is less then 2.9% at 95% C.L. |5|, which 
is far below previous results | |2C| ]. The actual numbers, 
however, are a;g/2 < 0.041% and -5.8% < y'^ < 1-0%, 
in terms of 

x'b) — xd cos 5u + Ud sin 5 d 

u'd = VdcosSd - xdSihSd, (5) 

where is the relative strong phase between the dou- 
bly Cabibbo suppressed D° K^it~ and the Cabibbo 
favored — > K^'k~ decay amplitudes. The SM pre- 
dictions of these mixing parameters are small, xd ~ 
10-5 - 10"'' and VD ~ 10"^ - lO'^ ^ (a recent discus- 
sion suggests yo ^ 1% H)). The CLEO Collaboration 
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arrived at \xd\ < 2.9% by assuming 6d is as small as 
suggested by SU(3) and other arguments j2^j2^. If one 
removes [|5| the prejudice that Z?" K^tt~ and A'^7r+ 
amplitudes have the same strong phase, the result on 
y'jj may actually be hinting at a sizable x d , which would 
strongly suggest short distance New Physics interactions. 
It is therefore important to compare x'jj, y'^ with other 
£)0_£)0 Q^xing related measurements. 

The CP asymmetry parameter ycp is related to the 
lifetime difference between K~tt^ and — > 

K~K^ , where the former is flavor specific and the lat- 
ter a CP eigenstate. The FOCUS Collaboration had 
found the intriguing value oiycp = (3.42± 1.39±0.74)% 
p6t , which has a significance of more than 2a. How- 
ever, recently, the CLEO, Belle and BaBar Collabora- 
tions find much lower values. The current world average 
is (1.1 ± 0.9)% lUl. Still, the point remains that one 
could have large xjj if sin (5^) is sizable . 

The processes h — > s^jdj occur only at loop level in 
the SM, therefore they are naturally sensitive to New 
Physics. The processes B K*^ and b ^ have long 
been observed However, the Belle Collaboration 

observes a 3.5 ± 2.1 event excess for B p^, giving 
Bt{B ^ /3O7) < 10.6 X 10-6 at 90% C.L. The quark 
level bqj coupling is usually parametrized as 

G 6 

+C!,^L]a^,F^''b + h.c., (6) 

where in the SM, Cj^ ^ —0.3 at the typical B decay 
energy scale « 5 GeV. Due to the left-handed nature 
of weak interactions, Cy-y dominates while C!^^ is sup- 
pressed by mq/nib- This may not be the case, however, 
in models beyond the SM, and interesting CP violating 
asymmetries in mixing induced radiative B decay can 
occur In a previous work js^, we have discussed 

the 6 ^ 57 process in the context of New Physics. We 
found that large direct CP violations are possible, in 
contrast to SM expectations which are very small. For 
mixing induced CP violation in B decay, we also find 
large asymmetries due to enhanced Cj^. Furthermore, 
the mixing dependent asymmetry in B is more 

accessible than in B ^ K*^'y, because p'^ tt+tt^ can 
give the vertex information needed for time dependence, 
while K*^ KsTT^ unfortunately does not |2^. Given 
that SM predictions on direct CP violation in 6 — > c?7 are 
in general not small |3l|| , mixing induced CP violation in 
b —f d'j is a more sensitive probe of New Physics. Of 
course, mixing dependent CP violation in b sj pro- 
cesses can be more readily probed in Bg system such as 
in Bs (jry. 

Mixing induced CP violation in radiative B decay 
is similar to the golden J/^Ks mode. The hadronic 
uncertainties factor out for self-conjugate CP eigen- 
state(s). Furthermore, one needs both B and B to 
decay to the same final state to allow interference to 
take place. Therefore, the formula of the asymmetry 



UMO-y, where M'' is a CP self-conjugate hadron such as 
uj, (j), K*'^{inKsTr'^), resembles that of aj^^^o, 

ttMO-f = S, sin2'i9 sin[2(/)i — (j)^^ — ^^^J sin Ami (7) 
where ^ is the CP eigenvalue of M°, 

2 I C7-V C^^, I 

is the mean strength of the two chiral amplitudes, and 
4'^ is the phase of C^j'}^. While the "sin2t?" in the 
B — > J/ipKs case is equal to one, an important feature 
for B M'^7 is that one needs both Cj-y and Cj^ for the 
interference to occur. This is the reason why these asym- 
metries are suppressed in the SM since \C!p^^/C^^\ < 1, 
hence precisely why they are sensitive to New Physics. 
The Belle Collaboration may be able to test the asymme- 
try to an accuracy of 10% in about a decade |Q . Hadron 
machines may also be able to study this if they can ob- 
serve the radiative B decay modes, since they produce 
many more BBs than the e~ machines. 

Another hint for New Physics may come from the 
rather large value of the newly observed e'/e [Q. It has 
prompted New Physics considerations |34j, even though 
the experimental value could be accommodated within 
the SM. We do not consider New Physics hints from muon 
anomalous magnetic moment. 

We are interested in New Physics models that can 
lead to deviations in the above mentioned processes. It 
is interesting that supersymmetry (SUSY) models with 
Abelian horizontal symmetry (AHS) can provide a uni- 
fied framework for all such New Physics effects. This will 
be presented in Section II, where we will explain the im- 
plications of AHS on quark mixing, in particular on the 
origin of large right-handed down quark mixings. The 
effect is carried over to the squark sector in SUSY mod- 
els, and squark mixings will impact on flavor changing 
neutral currents (FCNC) . In face of stringent constraints 
from kaon mixings, quark-squark alignment (QSA) is in- 
voked to produce texture zeros, where we will give an 
explicit example of horizontal charge assignments. The 
subsequent sections are devoted to various FCNCs in- 
duced by squark mixings. In Section HI we study the 
effect on B^-Bd and Bg-Bg mixings, which sets the scale 
of superparticle masses. In Section IV, we show that 
the chargino contribution on kaon mixings gives a sim- 
ilar superparticle mass scale. A generic feature of QSA 
is the possibility of sizable D^-D^ mixing. It is interest- 
ing that in AHS models with SUSY, with sparticle scale 
fixed by B-B mixing, x d could be right in the ball-park 
of the CLEO range, as we show in Section V. Section 
VI is devoted to radiative B decay in SUSY models, and 
discussions and conclusions are given in Sections VII and 
VIII, respectively. 
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II. ABELIAN FLAVOR SYMMETRY WITH SUSY 

A. Abelian Flavor Symmetry and Large da Mixings 

Fermion masses and mixings in the Cabibbo- 
Kobayashi-Maskawa matrix Vckm exhibit an intriguing 
hierarchical pattern in powers of A = | Vus \ ■ 



rriu/mc ^ A^, nic/mt ^ A'* 
\Vcb\ - X\ I 




(9) 



The structure could be due to an underlying symmetry 
p5| , the breaking of which gives an expansion in A ~ 
{S)/M, with S a scalar field and M a high scale. In 
these models, after integrating out some massive fields of 
mass M, one obtains non-renormalizable terms |35 3^ , 



(m) ' 



iQRj 



h.C. 



(10) 



where q are summed over up and down type quarks, A'' 
are 0(1) numbers, and i, j are generation indices, imass 
is made a horizontal symmetry singlet by choosing ap- 
propiate powers of S, i.e. aqij. For models with Abelian 

"S^], we 
ds as 



horizontal symmetry, without loss of generality | 
can define the horizontal charges of the scalar fie 

H{Hd) = H{Hu) = 0, H{S) = -1. 



(11) 



The breaking of the horizontal symmetry as well as elec- 
troweak symmetry lead to quark mass elements. 



m: 



(S)_ 
M 



It is now easy to see that 



MijMji MiiMjj, (?, j not summed). 



(12) 
(13) 



which follows as a consequence of the commuting nature 
of horizontal charges. 

By assuming small mixing angles, as one tries to un- 
derstand the hierarchical pattern in A by AHS, the quark 
mass ratios fix the order of magnitude of the diagonal el- 
ements of quark mass matrices. The upper right part of 
the mass matrix Mq corresponds to UqL rotation, which 
is related to Vckm = UulU\l- Small mixing angle and 
naturalness imply UqL ~ Vckm- By using Eq. (|l3[), one 
can work out the lower left part and hence the whole 
mass matrix 37 



nit 



A^ A^ A3 
A^^ A^ A2 
A^ A2 1 



nib 



A^ A3 A3- 
A3 A2 A^ 
A 1 1 



(14) 



Since UqL are restricted by Vckm, mixing angles in 
Uqii are in general greater. In particular, we find 



that M^'^/irib and M^^/irib are the most prominent off- 
diagonal elements. 

To summerize, we have. 








A 


A 




(i 


1 


1 






1 


1 


A A4\ 








1 A2 









(15) 



It is clear that mixing angles in UdB. are in general greater 
than those in Uol and UuR, especially when the b fla- 
vor is involved. ]j Although large mixings in the right 
handed down quark sector are useless or well hidden 
within SM, Bd and Bs mixings are naturally suscepti- 
ble to New Physics involving further dynamics related to 
the right-handed down flavor sector. 

As one of the leading candidates for New Physics, 
SUSY helps resolve many of the potential problems 
that emerge when one extends beyond the SM, for 
example the gauge hierarchy problem, unification of 
SU(3)xSU(2)xU(l) gauge couplings, and so on It 
is interesting to note that large mixing in right-handed 
down quark sector will be transmitted to right-handed 
down squarks, if the breakings of fiavor symmetry and 
SUSY are not closely related. The flavor symmetry gives 
better control on soft breaking parameters resulting in a 
more predictive SUSY model. We now elevate Eq. ( |l0| ) 
to the superpotential as well as similar forms in trilinear 
terms, the so called A terms. By flavor symmetry, we 
still have the same power of S to ensure that the whole 
term remains a horizontal singlet, that is. 



LR 



RL 



(16) 



which are roughly proportional to respective quark mass 
matrices, hence their effects are suppressed by mq/fh . 
While the symmetry does not require the new A^ in the 

in general, be diagonal in the quark mass basis. From 



A-term to be the same as A|- in Eq. (hOh, {M^)lr cannot 



Eq. (y), one easily gets {MI)llI 



m 



Vckm, while 



(Ml) 



RR 



1 A A 
A 1 1 
A 1 1 



(17) 



The squark mixings will have impact on FCNC because 
of extra dynamics involving q-g^ q-jc^ and q-}(^ couplings. 
It is now clear that FCNC processes involving hn are 
sensitive probes of this generic class of SUSY models. 



* These large mixings in second and third generation (Irs 
may be related to large mixing in second and third generation 
neutrinos Q when considering grand unified theories (GUT) 
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The RR sector could contribute significantly to Bd and 
Bs mixings, to be discussed in the next section, via large 
mixings in bR-dn and in bu-SR as shown in Eq. (p7|). 



B. Quark-squark Alignment 

In order to compare squark mixing angles with FCNC 
constrains, we will use the mass insertion approximation 
pO| , p| in the following discussion. It is customary to take 
squarks as almost degenerate at scale to. In quark mass 
basis, one defines Eoll, 



M, 
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S%^[Ul^iM^)ABU,Bf/m' 



(18) 



which is roughly the squark mixing angle, are squark 
mass matrices. A, B = L,R, and i,j are generation in- 
dices. Note that S^^j^ ~ A and S^rr ^ 1, while LR and 
RL mixings are suppressed by mq/m. 

It is well known that kaon mixings give stringent con- 
straint on new flavor violating source. The 12, 21 ele- 
ments in Mq and {M^)iir in Eq. ( |l7| ) will induce too 
large a contribution to kaon mixing via gluino box dia- 
grams 1^,^ . One has to suppress these squark mixings 
by enforcing approximate "texture zeros" . This can be 
done by invoking quark-squark alignment (QSA) p6| , ^ , 
by using two (or more) singlet fields Si to break the 
C/(l) X U{1) (or higher) Abelian horizontal symmetry, 
and making use of the holomorphic nature of the super- 
potential in SUSY models. For example, we may have 
a term with negative power aqij in S in Eq. ( p^ to 



satisfy the horizontal symmetry. The term S 



,1 



IS 



simply (5'*)l"9i3l_ As we promote Eq. ( |10D to superpo- 
tential, which can only be a function of superfields and 
not of conjugate superfields at the same time, one can 
no longer use S* and hence there is a zero in that par- 



ticular ij-th element. One can have 



which 



imply U^j^ — or are highly suppressed, and likewise 

(^IVll rr s-lso suppressed. Thus, can be 

suppressed and the kaon mixing constraint is satisfied 
accordingly. 

There is one subtlety involving our choice to retain 
(M^)^^, which arises from Mj^. The mass matrix Md 
is diagonalized by a bi-unitary transform, hence, it is of 
the form 



rdiai 




where the diagonal matrix in the middle of the right hand 
side corresponds to the diagonal down quark mass (ratio) 
matrix, and the one to its left (right) corresponds to UdL 
(UdR)- Multiplying out the matrices in Eq. (p^), we have 



A* + a2+°+'' + A" 



A*+" + A^+'* + A^ 



TOfc 
TOft 
TOfe 

x^+^ + x^+^'+f + A^ 

TOfc 
TOfc 



nib 






A^+^ 


rUb 




+ A2 + 


A^+^ 


Mf 

TOfc 




+ A2+^ 




Mf 
mb 




-fA^+Z 





(20) 



We see that, by retaining Mf /mb 



and hence Uf^ 
Mf/nib - A2. 
requires 



A, we have e = 1 
A. We will have c = 2, if we also retain 
However, as the kaon mixing constraint 



Mf/mb - A*+'' + A2+'' + A' 



yc+e 



0, 



(21) 



which in turn gives d = 1 for A^^"^ to be of the same 
order as A"^"*"^ = A'^, to allow cancellation to take place. 
This will still give squark mixing angle ^ A between dR- 
sr, which is not acceptable. A closer look reveals that 
Mf/mb ~ 1 is also unacceptable. It gives / = from 
M'^'^ /mb ^ 1. With the requirement of Mf = 0, we 
again have c = 2 and it follows that c? = 1 by the same 
argument. Because {Mf^^j^/m'^ ^ A is kept, we need 
to make Mf/mb and Mf/mb also vanishing in face of 
stringent Amx and ek constraints. The decoupling of s 
flavor from other generations thus follows from imposing 
QSA in 12 sector and choosing to retain Mf ^ 0. 

In the usual approach of quark-squark alignment, this 
subtlety does not arise because one aspires to lower to^, 
TOg for sake of collider and other signatures. Since Sd%R ~ 
A and S^^j^ ~ 1 would then violate Bd mixing and b —> sj 
constraints already, they are eliminated from the outset. 
As a result, Mf/mb ~ A^, though of little consequence, 
can be retained. 



C. Explicit Examples of QSA 

To be specific, we now give an explicit assignment of 
the horizontal charges of quark superfields and the re- 
sulting mass matrices as an illustrative example. 

Since |Kf,| ~ 0.002 - 0.005 < A^ |4|, we may use a 
smaller parameter A = 0.18 instead of A. We use two Si 
fields to break the horizontal symmetry. 



M 



A' 



0.5 



(^2 



M 



A' 



0.5 



(22) 



The horizontal charges of and 5*2 are (—1, 0), (0, — 1), 
respectively and those of Q, dR and ur are given by 



Qi 

d-Ri 

URl 



(8,-2), Q2:(l,3), Q3:(2,-2), 

(-2,10), Jfl2:(9,-3), Jfl3:(-2,8), (23) 

(-3,11), UR2 : (0,3), UR3 : (-1,2), 
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(1^2) F mt/m A**(l + {tan/3}) mi,/m( A^^'^l +|A^tan/3|) 

(d,13) P A mt,/fnA^(l + {tan/?}) mb/m A (1 + {tan /?}) 

(d,23) A^ A"!"^' m6/mA3(l + {tan/3}) mJm( A"'^' +{A^tan/3|) 

(u,12) A A*-5 mt/mA^ mjm (A**'^ + {A^'H) 

(u,23) A^ A mt/m}? mt/m\ 



TABLE I. The order of magnitudes of |5q"'|s from the Abelian horizontal symmetry model, where A = 0.18. Terms in 
parentheses [...] correspond to tan/3 ~ 50 case and terms with {...} only exist when we consider non-standard soft breaking 
terms. The underlined terms are from filled zeros (see text). 



for small tan/3. For tan/3 
charges of dni to, 



50 we change horizontal 



dm : (-2,5), r 
In this way we get, 

mt 



'R2 




(4,-3), 



(-2,3). (24) 



mt 



^2.5 




From Eq. (p5|), we have effectively decoupled the sec- 
ond generation from the first and third in Md, which 



corresponds to suppressed U 



12,23 
dL,dR 



0. The case is rem- 
iniscent of where we decouple d flavor. The cor- 
responding squark mass matrices from Eq. (|2^) are 
{Miri^^mMl^ and 



2 \ij 
LL 



{Mir 



RR 



RR 



m 



m 



1 


A6 




A6 


1 


?)• 


A3 


A3 




1 


A^- 


5 3^4.5 


^4.5 


1 


A 


^4.5 


A 




1 


Ai2 






1 




A 


A" 





(26) 
(27) 
(28) 



For large tan/3, we change {M^Y^j^ and {Mj)'^j^ to A'' 
and A^, respectively. We summarize all 5's of interest in 
Table L We will see that these values are all well below 
the limits from Attik and e constraints, even with 0(1) 
phases. 

At this point one thing needs to be emphasized. In face 
of severe kaon mixing constraints, we did not choose hor- 
izontal charges to create large right handed d~b squark 
mixings. Instead, the choice of horizontal charges were 
to retain this natural large mixing that follow from the 
Abelian nature of the underlying flavor symmetry. Both 
the Abelian flavor symmetry and the mixing pattern orig- 
inate from the observed mass mixing hierarchy pattern. 
Phenomenological consequences of these large mixings 
[p5[ should be explored Eq] . 



There is a generic feature [^6|,0 of QSA that is wor- 
thy of note. Having U}1 ~ implies ^ |Vcrf| = A, 
which can also be read off from Eq. (Eq). One now has 
^u\l ^ ^, ^ 0116 can see from Eq. ([18[). This Cabibbo 
strength (5^^^ can contribute to kaon mixing via chargino 
diagrams, and also D^-D^ mixing via gluino diagrams, 
as we will dicuss in Sec. IV and V, respectively. We 
note that New Physics contributions to D^-D^ mixing 
are of great interest at present, since the recent CLEO 
(and FOCUS) results may be a hint for D° mixing in 
disguise. Note also that the texture zeros of M^^'^^ are 
generated through QSA. The zero of M^^ is needed to 
avoid ^ A, for otherwise, together with ^^^.l ^ 

they will induce too large a contribution to D mixing. 
The zero of M^^ is to avoid a feed back to ^^^jj., analo- 
gous to the discussion in the previous subsection. 

We mention another subtlety arising from the Kahler 
potential . When the horizontal symmetry is sponta- 
neously broken, mixing also occurs in the kinetic terms. 
By canonical normalization of the kinetic terms, fur- 
ther mixings are introduced. For example, Mq now be- 
where Lg ~ (M|/7?i2)-V2 and i?J ~ 

qfifi/fh'^)'^^'^- The zeros in Eq. (^5|) are now all 
lifted, and are called filled zeros giving rise to the 
underlined terms in Table I. UqL also becomes Lq UqL 
and similarly for other mixing matrices. Modifications 
of previous results can be achieved by suitable rotations 
and are also shown in Table I. 

A second possibility of horizontal charge assignment is 
to retain Mf^ and M^^ while having vanishing Mj^ , i.e. 



(29) 



The assignment of horizontal charges for this case can 
be found in Ref. p6[ . The squark mixing can generate 
sizable contribution in Bs mixings In this case one 
may have large CP phase in Bg mixing and possible ef- 
fects in 6 — > S7 to be discussed later. The democratic 
structure of Mj^^ in Eq. ( [l7| ) in the 2-3 sub-matrix 
leads to approximate maximal mixing in and 6/?. The 



comes LqMqR\, 
'1/2 



(ikf2 
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large ofF-diagonal elements {M^)'^^j^^ lead to large level 
splitting. This allows for a possibly light strange beauty 
squark with interesting impact in Bs mixing and direct 
search, but leaving Br{B Xs^) largely unaffected [Q. 

It is interesting that, faced with stringent kaon con- 
straint, AHS models with QSA allow large mixing in ei- 
ther bfi — dR or bfi — SR, but not both at the same time. 
Thus, a prediction of this model is, if it is responsible for 
the smallness of the measured sin 2(j)i (assuming that the 
low value persists in the future), there will be no large 
New Physics contribution to mixing. 

We now study the FCNC induced by these squark mix- 
ings in the following sections. 



III. B°-B° MIXING 

In this section, we first focus on the general formal- 
ism of neutral B meson mixings in the AHS model with 
SUSY. We will focus on the Bd system for applications, 
which is readily extendable to the Bs system. For the 
latter system, the intriguing possibility that large right- 
handed squark mixings could lead to a light "strange- 
beauty" squark will be discussed briefly in Sec. VII. C. 

The effective Hamiltonian for B^-B^ mixings from 
SUSY contributions, where q = d or s, is given by 



H, 



cff 



i 



(30) 



where, 



O2 



Qtb'hfRbl O.^qlbif^bl, 



(31) 



together with three other operators 01,2,3 that are chi- 
ral conjugations [L <-> R) of Oi,2,3- The Wilson coef- 
ficients receive charged Higgs, chargino, gluino, gluino- 
ncutralino, and ncutralino exchange box diagram contri- 
butions, 

= cr + Cf + Cf + Cf + Cf , (32) 
where the Feynman diagrams are shown in Fig. 1. 

A. Formulas 



Charged Higgs box MM: 



H- 



8m^ 



1 



XtwXtHCOt (3-G{xtHiXtH) 



-|-2a;tw cot^ (3 (^F'{xtw, xm, xhw) 



-G'{xtW, XtW,XHw) 



(33) 
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FIG. 1. SUSY box diagrams for AB — 2 processes. 



a 



H- 



{VtbVt*)'^Xbw [xmxtHF{xtH,xtH) 



'2xmxm cot (3 F' {xm ,xm,XHw)\, 



where Xab = "^a/?ZlIi the loop functions F'^'^ G^'^ 
are given in Ref. The charge Higgs contributions 

to other Wilson coefficients are either vanishing or sup- 
pressed by niq/mw- 



Chargino box: 



Uj2Uk2YiBjBk (34) 



where the indices j, k are summed over 1 to 2, and 

-V,,VlJ^tV:qVtb5fLR + Vi2Vl2Y^VilV„,b5fRR, 
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uRL ' 



(35) 



the indices /, m are summed over 3 generations of up 
type squarks, Yu,c,t — mu,c,t/ W^mw sa\ (5) and simi- 
larly, Yd^s,b — 'nid,s,b/ W^mw cos P). The chargino mix- 
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ing matrices lA, V in Eq. 
mass matrix, 



4^ diagonalize the chargino 



M- 



U* 



Mo 



y/2mw cos (3 



\/2mw sin j3\^-\^ 



(36) 



and 



a—h—x 



[F'{x,y), G\x,y)^ 
= x^dadb(F'{a,b,y),G'{aAy)] 
which can also be expressed as 

dfc2 a;2(fc2)(i.2) 



(37) 



(F'{x,y), G'{x,y) 



(fc2 + l)(fc2+a;)4(fc2+y)' 



which are always positive. There is no chargino contri- 
bution to 6*2 and C2 because of the color structure of the 
chargino box diagrams, and other terms are suppressed 
by the smallness of Yq. Since Yi is large and Y;, can 
also be large for the case of large tan /?, we keep them 
in 3 . Note that in the AHS models, Y.i,m '^Cq^n.bS^^L 
and V^^VtbS^RR are roughly of the order \Vtq\. As we 
will show soon, the Atob^ constraint require m ~ TeV 
due to large hR-dR mixings. A typical LR stop mixing 
term contains ^'tVj*^^'^^ ^ 1.7 Vj*mt/m, which will be 
as small as ~ O.lVj* for m ^ TeV. Furthermore, the fla- 
vor scale may not be too far from TeV [Q, and there 
may not be much room for RG running to bring down 
the stop mass. Unlike the usual approach where one has 
light stop, the contributions from stop LR mixings are 
relatively small here. 

Gluino box 



r<9 _ "^s 

04 — ^nr 



Nr 



feixgq) 



2 

cILLJ ' 



"dLL^dRW 



X93 rg3 
"dLL"dRW 



(39) 



where Nc is the number of colors, and 

(17 - 9a:; - 9x'^ + x^ + 61nx + 18a; Inx) 



Mx) = 



6{x - 1)5 



(1 + 9a; - 9a;2 



6a; In a; + 6a;2 In ; 



3(a;- 1)5 

They are related to F'{x,y) and G'{x,y) by 



(40) 



{xfeix), -Mx)) =a;-i [f\x-\1), G"(a;-i,l)) . (41) 

Cf is obtained by interchanging L ^ R m Gf . We ne- 
glect Cfg and Cfg due to the smallness of LR and RL 
mixings. There are usual box and crossed box diagrams. 
Terms with Nc are from the former while 0(1) terms are 
from the latter, which can be easily checked by 't Hooft 
double line notation. Terms with 1/Nc, l/Nc are sub- 
leading contributions from these two types of diagrams. 
We note that C| contains the largest Nc factor hence is 
the most sensitive to squark mixings. Note also that one 
has a zero in Cf (Cf ) for Xgq ~ 2.43. 



Gluino-neutralino box: 



(38) Cf^ 



Cf 



Gl^ 



2m? 



^L^L^'iXqg, X^Og) 



^*L^*L)y^^x°g^'i^qg^^x°g) 



dLLi ' 



2m? 



1 



Olsa- 



2m? 



1 



^bL^bL 



0° astty. 



Cf - 



~ TV bL^bR 



xG'{xgg,x^Og) - 2 {G^lG*j^ + G*flG^R) 
^ y^^x°g^ i^gg^x^Og 



"dLL^dRR^ 



Cgx 



^bL^bR 



W^R^L 



W^R^L 



xG'{xqg,x^Og) + -^{G^lG*^ + G*lG'p.) 



^'IlAr, (42) 



where j is summed over 1 to 4. The mixing matrices 
Gl.a, HbL,R are given by 



= i&n6wYQAf*^ + TzdM;^, G]j = t&ndwQdM*! 
His,bL^^j^Yd.,s.b. Hl^,^^M;,tu,b, (43) 

where Yq is the usual hypercharge, and the neutralino 
mixing m 



mixing matrix Af diagonalizes the mass matrix M—g — 



M=\ 



Ml 






M2 



-mz-swCfj mzcwcp 
mzswsp -mzcwsp 



-mzswcp mzsw3f3 \ 
mzcwcp -mzcwsf} | 
-M 

/ 
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2 3 are obtained by chiral conjugation. Due to the 

smallness of m^j s, we neglect terms with ^j^. Note 

that in Eq. (Q), terms with G^G*^ are from the usual 
box diagram, while terms with G^G^, G*^G*^ WW 
are from the crossed diagram. If the mass parameters 
Ml, M2, \n\ ^ mz, we will have simpler forms for A/", 
where A/'jij2 ~ and higgsinos become maximally 

mixed. This will lead to a large cancellation of higgsino 

contributions in Gf 3 , Gf 3 . The diagonalization of the 
neutralino mass matrix usually leads to a negative mass 
eigenvalue, say m^o . It is well know that one can deal 
with it by two equivalent ways. One could either choose 
the phases in Af such that m^o are real and positive, or 

one could absorb the negative sign into PlxIi and mod- 
ify Feynman rules accordingly ||39| , |5T|] . However, there is 
a subtlety when dealing with the crossed diagrams in the 
latter approach. An additional negative sign is required 
for crossed box amplitudes when x'i is in the loop, since 
iXi Y — ~Xi for that particular i. 

Neutralino box : 



G\G^G'lG*]^G'{xq^o x^o^o) 



-2 G^GiGfGf ^/x^F'ixg^o , x^o^o ) 



by leading order Taylor expansion with respect to squark 
mixing angles. 

After obtaining these Wilson coefficients at SUSY scale 
AfgusY, we apply renormalization group running to ob- 
tain mass scale values. The renormalization group 
running of these Wilson coefficients including leading or- 
der QCD corrections is given by js^ , 

Gi(m) =??iGi(A/susy), 

C2(m) = T722G2(MsuSy) + ?723C'3(Msusy), 

C3(/i) = ??32G2(MsuSy) + %3C3(Msusy), (45) 

G4(Ai) = f74G4(AfsuSY) + g(?74 - V5)C5{Msvsy), 

C^5(m) =%C^5(Msusy), 

where 

tnf \ \ 6/21 / / \\ 6/23 



as{mt) 



-2.42 2.75 -4 1/2 

7^22 = 0.983?72 + 0.017773, ??23 = -0.258r72 + 0.258%, 

7732 = -0.064772 + 0.064?73, ?733 = 0.017?72 + 0.988773. (46) 

It is clear that 774 > 772 > 1 > 775 > 771 > 773. There- 
fore, G2 and, especially, G4 will be enhanced by the RG 
running 



I il ~n 



^5 —37" 



Tfj Tfj /^*kf~i*k\ rijS rg3 

^^R^^L^*R ^' qxl ' ^-X°x"t) 



Xl 



J93 rg3 
"dLL"dRR^ 



(44) 



where the indices j, k are summed over 1 to 4. We 
make use of the fact that G' {xz^a ,x^o^o ) ImPio and 

^-^fc Xj Xf^ Xf. 

y/x^o^F'(a;q-^o , a;j^o^o)/m|Q are symmetric under j ^ 



k, which can be verified by using Eq. (|38|). Gf are 
obtained by chiral conjugation. One can recognize con- 
tributions from the usual box or crossed box diagrams by 
similar rules stated earlier. 

We note that the Gis obtained in these four type of 
SUSY contributions are consistent with those in Rcf. Efll 



B. Impact on Bd Mixing 

To obtain Atob^, we use Atob^ = 2|A'/]^|, where 
Aff2^|A//f2|e2'*-^ 



|^SM| g2#i ^ lA^USYj g»0susv^ 



(47) 



and 



MrT = 0.33 ( izib)! J^V^^* PB-\ 



230 MeV / \ 8.8 X 10"^ 



(48) 



where Mf^ is the SM contribution, its value is well 
known p3| . The vacuum insertion matrix elements of Oi 
are given in Ref. ||4l[| . These matrix elements are mod- 
ified by bag-factors to include non-factorizable effects. 
For simplicity, we assume the bag-factors for matrix el- 
ements of 02-5 are equal to Bb^, which is calculated 
for Oi. In the subsequent numerical analysis, we take 



For CKM matrix ele- 



/b.^b/ = (230 ± 40) MeV 
ments, we take \Vub/XVcb\ = 0.41 and ^3 = 65°, 85°. We 
use \Vtd\ X 10^ = 8.0, 9.2 to get Amf^ ~ 0.54, 0.72 ps-\ 
respectively, which are close to the experimental value 
Amsa = 0.484±0.010ps-^ The large uncertainty in 
fs^ B^g^ makes it possible for Atti^'^ to lie within experi- 
mental range even for large (pj, . However, when one con- 
siders Am I Am Ba , the hadronic uncertainty is reduced 
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,SUSY 



/ (0 . 504/ps) 




> 



0.2 0.5 1 1.5 2 2.5 

gluino mass ( TeV) 

FIG. 2. Contribution to (Am|^^^) / (0.504 ps"^) from 
gluino box diagrams. The solid lines correspond to 
0.18, while the dashed lines correspond to 



"dRR 



(0.18)'' 



significantly, i.e. = fBsBg^/fBa^B,, 
from lattice and the SM prediction for large 

case is not consistent with experiments, and New Physics 
would be needed for this case. 

With the formulas above, we are ready to discuss the 
SUSY contributions to B-B mixing in the AHS mod- 
els. In Fig. I we illustrate the m-rrig dependence of 
Am^^^^/(0.504ps~^) from gluino box diagrams, where 
the denominator is the experimental bound at 2a. The 
solid lines correspond to contributions from RR-RR mix- 
ings where each squark propagator has one (5;^|jj^ 0.18 
insertion. The dashed lines correspond to contributions 
from LL-RR mixings where one squark propagator has an 
insertion with (^^l,^^ ^ 0.18'^ and the other an insertion 
with Sf^j, ^ 0.18. 

We can tell from Fig. 2 which mixings, LL-RR or RR- 
RR, give the dominant contribution in different regions of 
parameter space. For small rrig the RR-RR mixings give 
tighter constraint, but for larger rrig the LL-RR mixings 
is more stringent. The parameter space corresponding to 
Am|^^^/(0.504ps~^) > 1 is excluded. Since contribu- 
tions from other sparticles are sub-dominant in most of 
the parameter space, as we will discuss later, they are 
unlikely to cancel the gluino contribution. 

We clearly need TeV range gluino and/or squark 
masses to satisfy the Am^^ constraint. This comes as a 
result of the large mixings in right-handed sector, and can 
be shown by simple arguments. in the SM is roughly 
proportional to (aw/ww)^™t (^tfc^td)^- Fo^' SUSY con- 
tribution assuming nig ~ fh, the (aw/^w)^™? fector is 
replaced by NcOg/rh?, and {VtbV^^Y ^ is replaced by 
i^fRR? ^ and S^JlJl^j^ ~ A'' for RR-RR and LL-RR 
mixing contributions, respectively. Since the SM contri- 
bution is already close to the experimental observation, 
one requires 



= 1.16 ± 0.05 



A6 



mt 



1, 4 TeV, 



(49) 



from LL-RR and RR-RR mixings, respectively. Thus the 
typical scale of superparticles, Msusy, has to be large due 
to large squark mixings. Comparing with Fig. 2, we note 
that the LL-RR case is close to this estimate, while m for 
the RR-RR case is weaker than the estimate. This can be 
traced to the aforementioned cancellation in the RR-RR 
case where total cancellation in Cf is possible for Xgq ~ 
2.43. Considering RR-RR mixings only, there is a valley 
in the parameter space that even light superparticles with 
masses less than 250 GeV are allowed. 

Neutralino box diagrams are induced by the same fla- 
vor source as the gluino box diagrams. The neutralino 
masses could be related to nig through a GUT-like rela- 
tion on the gaugino Majorana masses [^ , 



nig = M2, 

aw 



Ml ^l — M2. (50) 
o aw 



The gluino-neutralino box dominates over neutralino- 
neutralino box. The neutralino contribution to Ato^^^^ 
/ (0.504 ps~^) is less than 10% of gluino contribution for 
nig, in > 500 GeV for either RR-RR or LL-RR mixings 
with tan/5 = 2-50 and \n\ = 100-1000 GeV. For low 
TO, and large tan/?, nig, its contribution, through 

C2 , can be comparable with the RR-RR mixing in- 
duced gluino contribution, which is suppressed by large 
nig. However, as can be seen from Fig. 2, both the 
RR-RR and LL-RR mixing induced gluino contributions 
already give Ato^^^^ / (0.504 ps"""^) ^ 1 in that region, 
and we need to fine-tune the relative phase and size of 
these mixings to be within experimental bound. 

The charged Higgs contributes r = \Mf^^^ /M^^\ ~ 
(37, 11, 3)% for mH+ = (100, 400, 1000) GeV with 
tan/3 = 2, and - (0.3, 0.2, 0.1)% for tan/3 = 50. The 
charged Higgs contribution interferes coherently with the 
SM amplitude. The result is consistent with early studies 
1^ . Without further interference from other SUSY con- 
tributions the 6 — > 57 branching ratio constrains charged 
Higgs mass to be quite large 57 1. In this case, the 
charged Higgs contribution to B '~B^ mixing is small. It 
is known that cancellations from other sparticlc contribu- 
tions may reduce the bound on the charged Higgs mass 
p9| , ^ . We will return to this point in Section VI. On the 
other hand the chargino gives even smaller contribution, 
r - 0.1, 0.5% for TeV range rrig and fi = ±1000, ±100 
GeV, respectively. The main contribution comes from 

the term with i^^fJ^flj? ™ ^1 ■ The ratio is reduced by 
~ 30% for large tan (3 mainly due to the reduction of 
y^^. The smallness of chargino contributions is in con- 
trast with early studies |Q . In our case there is no large 
mixing involving third generation in the up type sector, 
and there is no large splitting due to light stop. In this 
type of models, the SUSY contribution to B'^-B'^ mixing 
is dominated by gluino exchange. 
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FIG. 3. One sigma range for (a) Am_B^ and (b) sin2$_B^ 
vs. (j> = 'MgS^jiji, including both SM and SUSY effects, for 
gluino mass mg = 1.5 TeV. The solid, short-dashed curves 
correspond to (f)^ = 65°, 85° and m = 1.5 TeV and tan/3 is 
taken as equal to 2. The horizontal lines in (a) indicate the 
2a experimental range. 



After showing that gluino exchange gives dominant 
contributions to Mf2^'^, we turn to explore the interfer- 
ence between Mf^^^ and Mf^. We consider the SUSY 
phase (/) = arg^^lj^. The experimental measurement of 
is no longer just 0i of SM. For illustration we plot, 
in Figs. |(a) and (b), Atob<j(= 2|M]§|) and sin2$i3^ 
vs. (f), respectively, for 1.5 TeV squark mass and 1.5 
TeV gluino mass. In Fig. ^(a), the solid (short-dashed) 
lines correspond to 03 = 65° (85°). The upper and lower 
solid and short-dashed lines denote the la boundaries of 
fB^B]^^ = (230 ± 40) MeV. If RR-RR mixings domi- 
nate, the SUSY phase (/)susy ^ 20, while if LL-RR mix- 
ings dominate, then (/)susy ^ 0- For 03 — 65° (85°), 
the SUSY model gives r -22% (16%) from RR-RR mix- 
ings, and r ~55% (41%) from LL-RR mixings. These are 
consistent with Fig. 2, since r ^ Am^^^^/(0.504 ps~^). 
The two SUSY contributions interfere constructively (de- 
structively) for '--^ TT (0). In the present case, LL- 
RR mixings dominate over RR-RR mixings and show a 
0SUSY ~ behavior in the graph. 

In Fig. ^(a) and (b), we show the same physics mea- 
surable but with m — 2> TeV, rrig — 1.5 TeV. For 
03 = 65° (85°), the SUSY model contributes r -29% 
(22%) from RR-RR mixings and r -18%( 13%) from 
LL-RR mixings vs Am|^. These are again consistent 
with Fig. 2. The interference pattern is the same as the 
previous case. But in the present case, the RR-RR mix- 
ing contribution dominates over LL-RR mixings hence 
show a 0SUSY ^ 20 behavior in Fig. ^(a). We can see 
from Fig. || that RR-RR mixings dominate for the point 
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FIG. 4. Same as in Fig. || but for m = 3 TeV, where 
long-dashed, dotted curves correspond to 03 = 65°, 85°. 

(wg, m) = (1.5, 3) TeV. 

We see that sin2<I>Bd measured from J/ipKg 
can range from 0.1-0.95 and 0.4-0.9 as shown in Figs. 
§(b) and §(b), respectively. These curves are obtained 
by overlapping various segments from the corresponding 

- 1/2 

curves within la range of Jb^B^^ . For example, in Fig. 
^(a), any single line with rh = mg = 1.5 TeV that corre- 

"1/2 

sponds to a value within la of /b^B^^ should lie within 
the two solid lines. Each single line only intercepts with 
the 2a experimental range for Atob^ for some region of 
and corresponds to some segment in the solid line of 
Fig. ||(b) (one can compare with Fig. 1(b) of Ref. p6[ , 

200 MeV is used). Taking the uncer- 



where Jb^b]^'^ 



"1/2 

tainty of /b^B^^ into account enlarges the parameter 
space considerably. The fact that these segments from 

" 1 /2 . 

different value of Jb^Bq^ lie on a line and not forming a 
band corresponds to our simplifying assumption of using 
same bag- factor for all Oi. Thus, they can be factored 
out without affecting the argument of M12 in Eq. (|47|). 

In SM, we have sin20i ~ 0.75-0.71 M for 03 = 65°- 
85°. The measurements from Belle gjand BaBar 
in year 2000 indicated smaller values for sin20i vs SM, 
and would correspond to relatively specific = arg5i|jjj 
phase values (between 7r/2 and tt) in Figs, ^(b) andWb). 
More recent definitive measurements from BaBar ff^and 
Belle §, in year 2001, give sin20i values close to l! The 
average of BaBar and Belle 2001 values is given in Eq. (|^). 
It is rather intriguing that this range corresponds to the 
main parameter space allowed by Bd mixing, suggesting 
that SUSY contributions could be comparable to SM. In 
particular, if the Belle 2001 central value of sin 20i = 0.99 
holds up, it would imply that = arg(5^|j^ is between 
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37r/2 and 27r. The lighter squark mass case of Figs. 3 is 
preferred, but the heavier squark mass case of Figs. 4 is 
also possible. 

To conclude this section, we note that one requires 
heavy squark and gluino masses to satisfy Attib^ bound. 
While the direct search of such heavy superparticles be- 
come less promising, these particles can show their effect 
in Bd-Bd mixing phases, even with TeV masses. 



C. Brief Discussion on Bs Mixing and CP Phase 

As shown in previous section, one could have s flavor 
decoupled and the above discussion is applicable, and 
is being tested right now. Alternatively, and mutually 
exclusive to the above case, it could be the d flavor that 
is decoupled, and the Ed system would be SM-like, which 
may still turn out to be the case in 2002. If so, Bg mixing 
may be the place where SUSY AHS effects show up. 

With the CKM hke relation (5d?j^/<5d?fjj Vtd/Vts A 
from Eqs. (p^, (|l^), the Bs mixing case is rather similar 
to the discussion of Bd mixing, so long that the mass 
insertion approximation can be used. One can just scale 
up from previous discussion. The gluino contribution to 
Bg-Bg mixing is discussed in Ref. and [Q, where 
in the latter work the mass insertion approximation is 
relaxed. Since SR-bn mixing ~ 1 in SUSY AHS model, 
one in principle could have a relatively light "strange- 
beauty" squark, which, unlike the heavy SUSY scale that 
is the focus of this paper, can impact on direct search. 
We will discuss this case later in Sec. VII. 

The Bs mixing phase may not be vanishingly small as 
in SM, and can be searched for at the Tevatron collider in 
a matter of years. The most interesting situation would 
be to find (soon!) Anis^ not far above SM expectation, 
but with large sin 2<i> ■ 



where i,j are generation indices of up type quarks and 
summed over. Other terms are neglected due to the 
smallness of quark masses rUs^d- Chargino contributions 
are modified by changing V^*Kn6<5i™L (11) to 

^id^msS'^LL ^^'^ neglecting other terms. Gluino and neu- 
tralino contributions are modified by changing S''^ in Eqs. 
@, (H), (H) to (5^2 and neglecting all Hl.r terms. The 
QCD running formula is also modified accordingly. 

The charged Higgs contributions are in general small. 
For gluino and neutralino contributions we show in Ta- 
ble 11 the limits on ^|Re S^b^(^d\ vI^^^^^ab^cdI 
from (Am|USY) < 3,521 x lO^^^ MeV for m = 1.5 TeV, 
where A,B,C,D = L,R. The constraints from sk can 
also be estimated by using 



llmMial 



< 2.268 X 10~3_ 



TTlK 



(52) 



IV. CONSTRAINTS FROM K°-K'^' MIXING 



For different values of in, the limits can be roughly ob- 
tained by multiplying a factor m/(1.5 TeV). We take the 
hadronic scale in Eq. ( ^6|) to be GeV and as{Mz) = 
0.1185. We can reproduce the results of Ref. by us- 
ing as{n) '■^ 1 and m = 500 GeV and by considering 
gluino contributions only. The QCD effects enhance the 
SUSY contributions by a few times for contributions aris- 
ing from SdLL 5dRR, as one can see from 774 ^ 6. Since the 
most severe constraint is on SdLL^dRRi the QCD effects 
make it more stringent . From Eq. ( |5^ ) , ek gives even 
more stringent constraint than Am^- However, the con- 
straint becomes less severe if the phases of 6s are small 
(of order 0.01). Together with constraint from electric 
dipole moment of neutron, one may be led to the idea of 
approximate CP (see for example JSOt). 

From the above discussion, it is clear that 
'^dii' ^dRR ^ ^ cannot be sustained. One has to in- 
voke QSA as discussed in Sec. II to impose appropriate 
"texture zeros" . We see that the values given in Table 1 
are all well below the limits from Amx and e constraints. 
Table II, even with 0(1) phases. The approximate CP 
assumption can be relaxed. 



As shown in Eqs. (^^ and (17), AHS models not only 
give large mixing in RR sector involving third generation 
down squark, they also give large mixing in 1-2 genera- 
tions. It is well known that ArriK is much smaller than 
AniBj hence offers a much stronger constraint, while ek 
is even tighter. They make S^j^j^ ^ A impossible to 
sustain even with to, > TeV [^Q. The formulas 
for kaon mixing are similar to that for Bq~Bq mixing, 
with only some modifications needed. For charged Higgs 
exchange diagrams, Eq. ( |3^ ) now becomes, 



H- 



2 1 



8to2^ 



yisVjsV*dV*d[xm XjH cot (3-G{XiH,XjH) 



-2xiwxjw cot^ P{F'{xiw,Xjw, xhw) 
+ ^G'{xiw, XjY^, Xhw)], 



(51) 



X 


v/|Re(5iiJ2| 




VlRe (5^1^)2 1 


0.3 


8.9 X 10"^ 


4.3 X 10"^ 


9.3 X lO^'^ 


1 


2.3 X 10-^ 


4.9 X 10"^ 


2.0 X 10"^ 


4 


2.5 X 10~^ 


7.0 X 10*^ 


4.3 X 10"^ 




x/|Im(5^L)2| 






0.3 


7.1 X 10"^ 


3.4 X 10~* 


7.4 X 10"^ 


1 


1.8 X 10"^ 


3.9 X 10-* 


1.6 X 10-^ 


4 


2.0 X 10"^ 


5.6 X 10-* 


3.4 X 10-^ 



and v^WF^F 



TABLE II. Limits on ^|Ro(5f 512 
squark mass m = 1.5 TeV and for different x 
including leading order QCD 
straints are from Am^^^ < 



corrections. 
3.521 X 10^ 



for 
nig/m , 
The con- 
^2 MeV and 



lei^^^l < 2.268 X 10" 
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FIG. 5. Limit on m vs nig from chargino contributions to 
AniK arising from 5,i|,£, ~ A. 

As noted in Sec. II, QSA will induce ^^^.l ~ A by 
shifting the source of the Cabibbo angle to the up-type 
sector. The full strength S^^^j^ can contribute to kaon 
mixing via chargino diagrams. In Fig. we show the 
parameter space constrained by Am if. We use the GUT 
relation on gaugino mass as given in Eq. ( [50| ) for sake of 
simplicity and definiteness. The horizontal axis can be 
converted to wino mass by multiplying nig by ~ 0.4. For 
the Ek constraint, we would need arg((5„) to be less than 
0.1. We see from Fig. |^ that the kaon mixing constraint 
also points to TeV scale gluino and squarks. We stress 
that this is a generic feature of QSA and has nothing to 
do with the choice of retaining Mj' or not. Keeping AfJ' 
leads to interesting low energy physics, even with TeV 
scale particles as a result of kaon mixing constraints. 

We note that it is possible for the chargino diagrams to 
interfere destructively with LL (or RR) mixing induced 
gluino and neutralino contributions, and one can satisfy 
the kaon constraint with a lower mass scale. However, 
since these correspond to different set of parameters, it is 
unlikely for the interference to be destructive in general. 



V. IMPLICATIONS FOR D°-D'^ MIXING 

The experimental situation for D'^-D^ mixing is rather 
volatile at the present time. A search by the CLEO Col- 
laboration gives l/2x'^ < 0.041% and -5.8% < y'^ < 
1.0% H, where x'jj and y'jj are defined in Eq. (||). 
CLEO further adopted 5d — from model arguments 
to reach a more stringent bound xd — x'j^ < 2.9%. If 



5d 7^ 1 25 1, however, the preferred negative value of 
may in fact be hinting at xd ^ the few % level. 

Another approach is to compare K^tt^ and 

K~K~^ decays and measure the lifetime difference be- 
tween CP even and odd final states. The current world 
average from Belle |l§, BaBar |§, CLEO 0, E791 
and FOCUS Collaborations is (1.1 ±0.99)% [||. 
Since this is consistent with zero and does not support the 
nonzero claim by FOCUS, we shall take the more strin- 
gent constraint of xd < 2.9% from CLEO in the follow- 
ing. What we find intriguing, however, is that S^\j^ ~ A 
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FIG. 6. Contribution to a;_D/2.9% from gluino box dia- 
grams. The solid lines correspond to (Siii, ~ 0.18, while the 
dashed lines correspond to &^i^i^&^^b.r ~ (0.18)^'^. 



with m, rrig ^ TeV brings xd right into the ball-park of 
the % level! Furthermore, this can be probed in detail in 
the next few years at the B factories, and in the longer 
run, by hadron collider detectors. 

We consider gluino and neutralino exchange diagrams 
induced by up-squark mixing with /x = 1 TeV and 
tan /? = 2 with formulas similar to _B mixing. The de- 
pendence on tan /3 is weak. The SUSY contribution from 
gluino box to a;D/0.029 is illustrated in Fig. ^ in the mg- 
rh plane. The solid lines correspond to (5^x^ ^ 0.18, while 
the dashed lines correspond to S^uLL^'^uRR ~ (0.18)^-^. It 
is clear that LL-LL induced gluino box diagrams domi- 
nate. In Fig. 0we illustrate Xd vs. m for m-g = 0.8, 1.5, 3 
TeV, respectively. As in the B mixing case, there is 
a narrow valley from buhh induced gluino contributions 
around m'^/rh?' ^ 2.43 when Cf of Eq. ( |39| ) vanishes. 
This could make the parameter space from Fig. ^ too 
restrictive. However, the actual zeros in Fig. |^, occur 
at slightly shifted mass ratios, reflecting a cancellation 
between various contributions from 5uLL and SuLL^uRR 
when they have a common phase. Although ek con- 
strains arg(i5^|^^) to be less than 0.1, the phase of 5]^jij^ 
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FIG. 7. Gluino contribution to a;D vs. m. Dotted, solid 
and dashed lines are for mj = 0.8, 1.5 and 3 TeV, respectively. 




12 



is not constrainted since ^^Ij^ is by itself small. In gen- 
eral, the SUSY phase does not have to vanish, and 
having phase in common with S^ll is not likely. Thus, 
the deep valley would in general be filled, but the figure 
illustrates the adjustability of xd- It also gives an ex- 
plicit example where detectable D'^ mixing would likely 
psf carry a CP violating phase. 

To conclude this section, we note that AHS with QSA 
is known to produce large D meson mixings. The strin- 
gent upper bound on seem to provide severe con- 
straint for QSA models . This is more or less true 
when squarks and gluino are as light as a few hundred 
GeV. However, as a result of the large mixing in squark 
sector in our case, the proximity of Ams^ to SM expec- 
tation leads to squarks at TeV scale, and sin 2ipi may be 
affected in an interesting way. It is intersting that the 
scale determined from this leads to a meson mixing 
close to experimental hints. We eagerly await the experi- 
mental situation to clear up, i.e. whether the CLEO hint 
is due to ATd p3] or Attid. 



VI. RADIATIVE B DECAYS 

The effective Hamiltonian for b — > qj, qg transitions, 
where q — d ov s, is given by 

TJeff. = -^I^VtbV:^q { e [C, R + L] i^'^ 

+ g [C^g R + C'^g L] T'^G'^'^ } <j,,,b, (53) 

where we have neglected rriq, Ct^ = -I- C^™ are the 
sum of SM and New Physics contributions, while C7 g 




X ^ 




FIG. 
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SUSY penguin diagrams for h qj, qg processes. 



come purely from New Physics. We are particularly in- 
terested in the case where C^^^^g are large. The effects 
from the SUSY contributions are given by 



^(/)Now _ ^(/) 
•^85 - '~'8gM- 



C. 

a 



(') 

(') 



c. 

a 



(') 

77. X" 



a 



(') 



(') 



77, x"' 



The Feynman diagrams are shown in Fig 

A. Formulas 

Charged Higgs Exchange: 



C77,//- = cot' 13 [QuFi{xtH) + F2{xtH)] 



(54) 
(55) 



+ [QuFz{xtH)+Fi{xtH)]\, (56) 



8g,H- 



2 



COt^ PFi(xtH) + Fs.{xtH) 



(57) 



where Fi{x) are loop functions and the explicit expres- 
sions can be found in Ref. 

Gluino Exchange: 



^77, g — 



V^GFVtbV* 



td 



x\SdLL92{x~gq) - 5'dLR9iix~gq) \. (58) 



^/2GFm'VtbV;^ 

[2C2{R) - G2{G)]g2{xg^) - C^iG) g^(xg^) 



m- 



g rl3 



rub 



MLR 



[C2(G)-2C2(i?)] 54(2:5,-) 
+G2{G) g^ixgq) 



(59) 



where Qd is the down quark electric charge, C2(G) = 
iV = 3 and C2{R) = {N^ - l)/(2iV) = 4/3 are Casimirs, 
and the functions gi{x) — ~d/ dx[x Fi(x)], i.e. 



92{x) 
93{x) 
g4{x) 



1 -I- 9x — 9x^ — x"^ + 6x(l + x) Inx 
6(x- 1)5 ' 
l-9x-9x'' + 17x^ - 6x^(3 + x)\nx 
12 (x- 1)5 ' 
5 - 4x - .T^ + (2 + 4x) In x 
2(x- 1)4 ' 
-1 - 4x + 5a;2 - 2x{2 + x) Inx 



(60) 



2(x-l)4 

The chirality partners Cy^ are obtained by interchang- 
ing L and R in the ^'s. We see that Sll and 6lb. con- 
tribute to Cyj^sq, while Srh and Srl contribute to Gj-^ 
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There is an enhancement factor nig / mi, that comes with 
Slr,rl- The factor rub is from normahzing with respect 
to the SM result, and hence the smallness of the b quark 
mass with respect to the gluino mass is the origin of this 
enhancement. Such enhancement was noted in our ear her 
study |]30|] of s-b mixings where d sector was decoupled 
completely. It has also been invoked to generate e'/e via 
an analogous 6]^j^ term |34 6^ under a horizontal U(2) 
(hence non-Abelian) symmetry model. The mechanism 
is generic and has been discussed in Ref. ||6^, but SUSY 
with LR squark mixings gives a beautiful example. 

Chargino Exchange: 



77, X 



m^VtbV, 



tq 



LR 



RR 



- Vj2Uj2YtYb Vrab^uRL 



x\u,2U;,YbmVrnbSl"lL 



mh 



V,iU,2YbVi*^V,nb5[ 



LL 



(61) 



+- 



mb 



93{x^-g) + Qugiix^-g) 



V*2U*2YtVi\Vtb5uLR - l^h'^nVlqymb^u 



Im 
LL 



(62) 



where as before we sum over Z, m for three generations 
and 7 for two chargino mass eigenstates. cf''* .„ can be 
obtained by dropping 31^3 from above equations and re- 
placing with 1. It is clear from these equations that 
•^77, X- ^'^ suppressed by Yq. 

Neutralino Exchange: 



77, x" 



mb 



Jg|.{2G:iG;,*Ll,,(.,,,) 



94iX^0g)j, 

(63) 



where j is summed over four neutralino mass eigenstates, 
and Cj^l -0 can be obtained by replacing — > 1 in the 
above equation. We neglect terms with H*j^ ^ and some 
LR mixing terms when there is no chiral enhancement. 



Similar to the gluino case, the chiral partners C are ob- 
tained by taking a conjugation in the chirality L R 
and noting that Gl.r. ^ ^Gr,l- 

When running down to the B decay scale fj, « mb, the 
leading order Wilson coefficients cf are given by |Q , 

Crjiii = mb) = -0.31 + 7^7 C7^™(Msusy) 



+^ivs-V7)Gl°-{MsmY), 



Gsgifi = mb) = -0.15 + 778 C8^;"(AfsusY), (64) 



where, 



/ , ,r \ \ 16/21 / , NX 16/23 



Ois{mt) J \aa{mb) , 

iTi/r \ \ 14/21 / / \ \ 14/23 



as{mt) 



as{mb) 



(65) 



while for opposite chirality, which receives no SM con- 
tribution, one simply replaces G^™ by C" and set the 
constant terms to zero. 



B. Phenomenological Impact 

It is well known that B X^^ is a severe constraint 
on New Physics. The current experimental results are 
Br{B Xsj) = (2.85 ±0.35 ±0.22) x 10^^^ [||,(3.37± 
0.53±0.42+2:^°Uodci) X 10-4 (3.11 ±0.82 ±0.72) x 
10--* |6|l, from CLEO, Belle and ALEPH, respectively. 
It is known that the charged Higgs contribution interferes 
constructively |Q with SM contribution Cj^{mb) — 
—0.31. By using Eq.(|56|), we have, 

^ 1 + (35%^ 22%, 15%, 11%, 9%), (66) 

for mn- = (400, 600, 800, 1000, 1200) GeV. The rate can 
get enhanced by ~ 80%-20%. The result is insensitive 
to tan (3 within 2-50, since the term without cot f3 in Eq. 
(^ ) is dominant ||57|| . If we require that the deviation 
from the SM rate to be less than 20%, which is close 
to experimental error, we need mij+ > 1-2 TeV, or we 
may need cancellations from other particles The 
chargino contribution may partially cancel the charged 
Higgs contribution . This mechanism is still operative 
even if we have mg, fh — 1.5 TeV. 



77.x 



r<SM 
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s:33 
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V* 



A2 



uRR 



(67) 
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for /Li = ±(100,500,1000) GeV, and tan/3 = 50 (2). 
The (J^^JL term comes from chiral enhancement (with 
m~-/mb factor). The sign of the coefficient in front of 

^^RL is the same as the sign of ^u. The coefficient for 
1^1 = 500 GeV is greater than |^| = 100 GeV, because of 
chiral enhancement. The coefficient will drop below 0.1 
for |/Lt| > 1.2 TeV. LR and RL mixings without chiral en- 
hancement are negligible, their contributions being only 
about 10-5'-6 of Cf^. The term with V;*K«b5^'£i is 
also from the chiral enhancement term, while the last 
term is not chirally enhanced. Due to the smallness 
of Ys, \C'^^^-/Cj^\ is below 1% for expected mixing 
angles . For tan/3 — 2, terms are suppressed by the 
y6(tan/3 = 2)/n(tan/3 = 50) - 1/22 factor, except for 
the last term. 

The sign of RL stop mixings is anti-correlated to jj,. 
This can provide needed cancellations for low m^/- , even 
if /i, M2 and to are large. For |^| = 100, 500 GeV, if the 
signs of second and third terms of Eq. ( p7| ) are negative, 
the charged Higgs mass can be as low as 300, 400 GeV, 
for a rate within 20% from SM expectation. Even for 
1^1 = 1 TeV, the cancellation may lower mu- to 600 
GeV. The cancellation, however, requires some degree of 
fine-tuning. Without such cancellations, we would need 
to require niu- > 1 TeV if we allow deviations from 
the SM rate to be within 20%. 



For h 



and 



1^7 decay, we should replace Vj* j,, 
in Eq. (|^) by V*^^^ and -A^e^^S respectively, while 
Eq. ( p6| ) remains unchanged. For VUVmbS'^i^ real and 
negative, it would cancel against charged Higgs contri- 
bution for low /z. However, this need not be the case. 
For example, for |^| = 100 GeV, ttih- = 400 GeV, the 
cancellation mechanism gives Br{B — s- ^37) within ex- 
perimental error, while Br{b — s- ^7) is enhanced by a 
factor of 2. But in both b ^ sj, dj decays, the chargino 
contribution to asymmetry aMOj of Eq. (^ is within 2%. 

To obtain large asymmetry apj, we need a sizable 
sm2'd (see Eq. (^) which requires C^j and Cy^ to be of 
comparable size. To achieve this the New Physics must 
have large Cy;^°'^ but a relatively small contribution to 
Crj , since the latter already receives a large SM contribu- 
tion. For example, in case of gluinos, we need large <5^'^jj 
and/or S^^j^j^ rrig / nib and small (5^^^ and S^^nnT-g/mb- It 
is interesting that this indeed can be realized in AHS 
models. For similar reasons we do not expect a large 
modification of Cj-y from squark mixings as was noted in 
our discussion of charged Higgs effects. 

To use the formula of a^^ we also need to know the 
phase. The SM phase in i? — > Xdj is rather compli- 
cated since u and c quark contributions at NLO are 
not CKM suppressed. However, as shown in the 
NLO contribution arc found to increase the rate by 10 % 
and the long-distance contribution from intermediate u 
quarks in the penguin is expected to be small. For exclu- 
sive modes, some model estimations (such as from Light- 
Cone QCD sum rule) give long-distance effect in B ^ pj 
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FIG. 9. Asymmetry coefficient sin 2i9 vs. m, for gluino 
mass rrig = 1.5 TeV, where solid (dashed) curve correspond 
to S}^j^ and 5}fjf having opposite (same) phase. 



and B ^ a;7 at about 0(15%) Even though long 

distance physics may enter, it does not enhance 
p7|-|69| . For charge B decays the dominant long distance 
contribution come from weak annihilation diagrams (giv- 
ing |Cy^/C™| ^ 4%), which is, however, absent in the 
case of B° p^j decay. 

In Fig. 1^, we show gluino and neutralino contributions 
to the asymmetry coefficient sin 219 vs to, with gluino 
mass nig — 1.5 TeV. We use p, = I TeV and tan/3 = 2. 
The asymmetry is generated mainly from the RL mix- 
ing induced gluino penguins ~ 8% and can reach 10% 
when including RR mixing contributions. The asym- 
metry can be measured at B Factories, and at future 
hadron collider B detectors such as LHCb or BTeV. Since 
sm2d ~ 2|C;^/C7^| for small we obtain |C^.^/Cf^| of 
about 4%, for to ~ 1.5 TeV, which is slightly larger than 
the estimation ~ 2% for long distance effects from charm 
penguin [pSj. 



C. Non-standard C-Term and tan/3 Enhancement 

In a previous study, we obtain large or even maximal 
asymmetry rather easily in b —^ S"/ with sub- TeV super- 
particle mass scale [Q. Here, the high SUSY scale as 
required by meson mixings leads to too severe a suppres- 
as can be seen from Eqs. 



sion m 



1/G 



(|58D, 



We find, however, that it is still possible to have large 
ajvfo-y when considering non-standard soft breaking terms 
jTOf . Non-standard soft breaking terms can survive with- 
out inducing quadratic divergence if there is no gauge 
singlet particles in the low energy spectrum. For scales 
below the horizontal symmetry breaking scale and the 
masses of Si, we are left with particles of the minimal 
supersymmetry standard model (MSSM). Therefore, by 
using a low energy effective theory of SUSY, it is legiti- 
mate to include these non-standard soft breaking terms, 
in particular, a non-holomorphic trilinear term, which is 
called the C-term. 

Besides a (standard) A-term, Ad{Hd)Y' DlD*^^, we 
now allow {MJ)li^ to have a non-standard C-term, 
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m ( TeV) 

The rate enhancement of Bt{B Xdj) with 
SM results with non-standard soft breaking 
terms. The solid, dashed and dotted curves correspond to 
tan/3 = 50, 20 and 2, respectively. The first curve can en- 
hance the rate up to a factor 5, while the second one can 
enhance the rate up to a factor 1.8. The enhancement factor 
for the third one is below 10%. 



C 



m, 



C{H*)Y'DlD*jj^. It is natural that Ad 
~ fhM'j' tan/3. In 
\{H*) / {Hd)\ enhancement factor, while 



hence {M^flj^ ~ mM^^ tan/3. In this way, one 



gains a tan/3 e 
{M'^YIj^ ^ fhMl^ is unaffected. Mq, and hence UqL.R: 
is also unchanged, so the previous result for D'^ mixing 
remains unchanged. Some zeros in (M^)i/j may also be 
lifted since these C-terms are no longer holomorphic, but 
they are still suppressed. We note that the contri- 
bution to kaon mixing remain protected by the smallness 
of Mj^/m. Likewise, for Bd and Bg mixings, tan/? en- 
hancement of S^dLj^ j^j^ is insufficient to overcome niq/fh 
suppression and S^J^j^j^ still dominates. 

We illustrate in Figs. |l^ and 11 the ratio Br(i? 
Xd'y) /Bt{B — > Xdj)sM and the coefhcient sin2i? rele- 
vant for mixing dependent CP violation, with respect to 
the average squark mass m for nig = 1.5 TeV. The solid, 
dashed and dotted curves correspond to tan/3 = 50, 20 
and 2, respectively. The branching ratio can be enhanced 
by a factor of 5 with respect to the SM value. This 
can be easily understood by noting that, before intro- 
ducing the C-term, the RL mixing induced gluino dia- 
grams give |C^.^/Cf^| - 4% for m ~ 1.5 TeV. Adding 
the nonstandard C-term enhances SdRL by tan/3 and 
hence jCy^/Cf^l is brought up to 0.04 tan/3. A factor 
of 5 enhancement in rate follows for tan/3 = 50. Note 
that sin2i? reaches maximum for m ~ 2.6 TeV. The rea- 
son is simply because C^^ dominates over Cr-y for lower 
m scale, hence suppresses the asymmetry while enhanc- 
ing the rate significantly. Since the phase combination 
sin[2$B — (/'(C7) — (j){C^)] in general should not vanish 

even if ^(Cy'') vanishes (because of non- vanishing <E>b), 
ttpOj could clearly be sizable, which would unequivocally 
indicate the presence of New Physics. 

The CP violating partial rate asymmetry Acp in 6 — > 
decay is defined as 



^CP = 



r(6 ^ d-f) - r(6 ^ d-y) 
T{b d-y) + T{b d-y) 
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FIG. 11. The CP violating coefficient sin 2i9 with respect to 
m for gluino and neutralino contributions. We use rrig — 1.5 
TeV. These curves use the same parameter space as the pre- 
vious figure. Note that first two curves may reach their maxi- 
mal value even with a multi-TeV squark mass, while the small 
tan l3 case may gives 20 % asymmetry. 
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\C7^\' + \C'^r\' + \C,7\' + \C^^\ 



(68) 



where C^'^ are coefficients for b decay. To have nonzero 
Aqp, apart from CP phases, one also needs absorptive 
parts. In the model under consideration, these can come 
only from the SM contribution with u and c quarks in 
the loop. The Aqp is smaller than the SM one since 
6lr which contributes to Cy-y is much smaller than Srl, 
while there is no strong phase in Cy^ to contribute to 
direct CP violation. Therefore New Physics only dilutes 
the ^cp in this case by contributing to the total rate in 
the denominator of Eq. (|6^). That is, ^cp is reduced by 
a rate enhancement factor for large tan (3. 

These figures hold also for 6 ^ s-y for the other choice 
of using Eq. (29) with s-b but no d-b mixing. Allowing 
for 20% rate uncertainty for the measured Bi{B Xgj), 
we see that for the tan /3 = 20 case, m > 3 TeV is allowed, 
while for heavier squark to = 5 TeV the full range of 
2 < tan /3 < 50 ~ mt/mi, is allowed. In these cases sin 2-)? 
can go up to ~ 0.6. For hghter to such as 1.5 TeV, the 
enhancement factor for large tan (3 starts to break the 
good agreement between SM and the experimental value 
of Br(B Xgj), hence it seems one cannot have both 
large tan/3 and m, rrig too light (approaching TeV). 

The interesting case of "strange-beauty" squark ]4^ ] 
where large mixing dependent CP is possible without 
non-standard C-terms is discussed in next section. 



VII. DISCUSSION 



We offer to discuss a few miscellaneous items. 



A. Re(e7£) and EDM Constraints 

Unlike Ref. |3^, the AHS model presented here can 
not be responsible for the large value of Re(e'/£). This 
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is because of heavy masses and the suppressed value of 
^dln RL^ as shown in Table II. However, Re(£'/£) does 
not provide further constraint on (5's, since we already 
satisfy the most severe case, Ek < 2.268 x 10""^. For 
further discussion on the issue of Re(e'/£) in the context 
of AHS models, see Ref. 

There are other horizontal symmetry models that lead 
to the pattern of quark mass ratios and mixings. In par- 
ticular, the non-Abelian U(2) horizontal model |7^] gives 
suppressed S^^j^ j^j^ and can evade the kaon mixing con- 
straint by a U(2) symmetry with relatively light masses. 
Mixing angles in fermion mass matrices are in general of 
the order of the square root of mass ratios [f73|. 



U, 



qL,R 



1 

^qL.R 
„12 „23 
^qL,R''qL,R 




(69) 
(70) 



where 



„23 23 
^qL^qR 
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''qL,R 
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The model leads to large Re(e'/e) ||6l[]. The D-D mixing 
is small in the same way that the kaon mixing constraint 
is evaded. Mixing in b-d is relatively small, but the spar- 
ticle scale can be relatively light since kaon and D meson 
mixing constraints are evaded. This model may also lead 
to FCNC effects in B system @. 

Let us now consider the constraint from the electric 
dipole moment (EDM) of the neutron. It is well known 
that the EDMs of the electron and atoms give severe con- 
straint on SUSY phases ||7^ . This is a common problem 
to all SUSY models and is quite independent from FCNC 
processes considered in this work. The problem should 
not be worse in our case, and in fact the TeV sparticle 
scale should loosen the constraint compared with usual 
considerations. 

For the neutron EDM, there are contributions from 
electric dipole operator, the color dipole operator and 
the dimension six purely gluonic operator. We expect 
the first one to be dominant while the others may give 
comparable contributions and may in some cases loosen 
the constraint through cancellations [ 75| , [76[ . In addition, 
there are two loop contributions |77|. These contribu- 
tions could become important in the absence of large one 
loop contributions, such as in SUSY models with mas- 
sive first and second generation squarks ||7^. But since 
we have potentially large one loop contributions, we use 
only the electric dipole operator to estimate the order of 
magnitude bounds. For a more complete recent study of 
EDM constraint on SUSY models, see Ref. 



The neutron EDM can be expressed 
du), where rj^ — 1.53 is the QCD correction factor 
For gluino contribution, we have [^ , [75| , 



" 94xgq 



(72) 



and for chargino [[75| 

2 



\e\ 



E 

i=l 



'{Qd - Qn) 9?.{x^+^)] Imr^l 



(73) 



V} = -YuV*2 {U;rVui5TLLV:„, ~ U;2Vui5TLRV:^YdJ. 

(74) 

where /, m are summed over three generations of down 
type squarks. By interchanging Q„_j, U ,Vui5^J^gV*^, 

Yd^ with Qd^u, ,yuid^^-!^BK„,d^ Yu^, respectively, one 
can obtain du- Finally, for neutralino contributions, one 
finds [fzl. 



_ ^ Qqawm 

i=l 



^ -^q w g^[x^Oq) Im Ty^ 



Atttji 



'^^ROqRL'^L 



^C!*j^^Irr^^r 



.HI 



HI 



(75) 



(76) 



To illustrate the constraint on squark mixing phases we 
take chargino and neutralino mixing matrices to be real, 
and discuss the phase of /i later. Requiring dn to be less 
than the current experimental bound of 0.63 x 10^^^ e 



we obtain 



(2.8, 3.4, 6.5) X 10"^ 
(5.5, 6.7, 12.6) X 10"^ 



(77) 
(78) 



100-1000 GeV, and Xgq 



for TO = 1.5 TeV, |^| 
(0.3, 1, 4), respectively. These bounds are consistent 
with Ref. | |79[ | . The bounds come dominantly from gluino 
contributions and hence insensitive to tan/3 and 
From chargino contribution alone with above parameter 
space and tan/3 = 50 (2), we have 



|Im(^ Vui5'^RV:J'dJ\ < 0.43 - 0.54 (0.39 - 0.48), 

hn 

\lTn{Y,V:,5^^j,V„,dYuJ\ < 0.11 (0.10). (79) 



The AHS model gives \5\\ji\ - md\Ad{l + {tan/3}) - 
^l tan (3)\/m^ ~ \md/fh\ tan/3 ~ 8.4 x 10-5(tan/3/50). 
Thus, for large tan/3, we need arg((^^}^^) to be less than 
0.1 to satisfy the EDM constraint. EDM from Mercury 
atom gives dn^ < 2.1 x 10~^* e cm Q. The bounds on 
|Im(5^"^^^^| are one order of magnitude smaller than that 
from the neutron EDM bounds l|79tl, 



|Im<5iifl| < (1.1, 2.0, 4.5) X 10- 



(80) 



for 1.5 TeV m. Therefore, arg((5^]^^) in this model need 
to be smaller than 0.01 for large tan /3. 
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If is complex, it will contribute to arg(5^)^^) as 
— arg(/L() tan /3 nidi fJ,\/m^ ■ For large tan/3 and '--^ m, 
we need arg(/i) to be less than 0.1 (0.01) from the neu- 
tron (Mercury) EDM constraint. One should be more 
concerned, however, with the presence of <5^^jj(^2.) 
Eq. ([76|). Take S^]^j^ for example, we note that it 
is ~ C(l) and is not suppressed by quark mass like 
^dLf{.(R.L)- Thus, it will lead to a severe constraint on 
arg(^). For rUg — fh ~ 1.5 TeV, tan/3 = 2 and \fi\ = 100- 
1000 GeV, we need to have arg(^) < 0.03-0.012. The 
bound is roughly inversely proportional to tan f3. For 
large tan/3, say 50, we need arg(/i) < 5 x 10^'' from the 
neutron EDM constraint. This constraint is quite severe, 
even for mg^fh at TeV scale. However, the very strong 
constraint on arg(/i) from EDM consideration is a well 
known problem (see for example, Ref. ||79|] ), and is not 
aggravated by considerations of FCNC induced by squark 
mixings, which has been the main focus of our study. 



B. Radiative c ^ uj and t cj Decays 

It is of interest to check radiative flavor changing neu- 
tral current processes in up type quark decays, since 
quark-squark alignment has shifted flavor violation to the 
up-type sector. It is well known that the short distance 
one-loop c — *■ U7 amplitude is very small in the SM, due 
to the CKM suppression and the small m^/M^ factor. 
The amplitude can be raised by 2 orders of magnitude 
when one considers leading logarithmic QCD corrections 
involving operator mixings, and further raised by an- 
other 3 orders of magnitude when including non-CKM 
suppressed two- loop diagrams |8l| . It is also known that 
long distance effects are in general large p^ . 

We can obtain SUSY contribution by using formulas 
similar to 6 ^ 97, 

G 6 

Hcs. = ---j=^^mc u [cj^ R + Cy^ L] a^^F^^c 

-^^m,u[c^gR + c'^gL\a^.T-G>:,^c, (81) 

Note that here we do not factor out the CKM factor from 
C77 8g s (hence use lower case symbol) in the Hamiltonian. 
For chargino contributions we have. 



C77,: 



Im 



^dRBYcmXd 



Im 



U,,V,2VuiS'XIlY,V, 



Qdff2(x---)-5i(x^-^) 



(82) 



where we sum over m for three generations and j for 
two chargino mass eigenstates. One can obtain Cg^ by 
replacing gi^^lx) with zero and Qd by one. Comparing 
these equations to those in the previous section, we have 
interchanged U with V and modified the charge factor 
in front of g^'s. In general, c'^^ is small due to the 

smallness of Yu- The chargino loop contribution on cy^ 



is dominated by LL mixing. For rrig 



1.5 TeV, 



1^1 = 100-1000 GeV, tan/3 = 2-50 and Ki^dTiKm ~ A 
the chargino loop gives jcy^l ~ 10^"*, which is one order 
of magnitude below the Cabibbo favored two- loop ampli- 
tude. Contributions from LR and RL mixings are smaller 
by a few orders of magnitude compare to the LL mixing 
contribution. Therefore, the tan/3 enhancement effects 
are small and unable to overcome the heavy superparti- 
cle decoupling effects. This is also true in other up-type 
FCNC processes, such as t ^ 07 to be discussed later. 
Charged Higgs contribution is small since we do not have 
the top quark in the loop. 

Formulas for gluino and neutralino contributions are 
similar to previous section with a trivial modification on 
neutralino mixing matrices Gl.r and H^n. For fh = 
rUg = 1.5 TeV, gluino and neutralino loops give \ci-y\ ~ 
10^^, which contribute to Br(c U7) at the same order 
of magnitude of the leading logarithmic SM result. 

For the t — » C7 case, the SM result is very small, 
Br(t C7) ^ 10"^'^ pSl. In this model, by using similar 



formulas for Cy^, we have, 



Tit ^ C7) 



327r4 



?(|C7.|^ 



n 



(83) 



For the parameter space considered in the previous case, 
the chargino loop gives Br(t 07) ~ 10^^, dominated by 
chiral enhanced LL mixing. Therefore, it is not sensitive 
to the non-standard soft breaking term. The rate is still 
unobservable. The gluino contribution is as small as the 
SM one. This is in contrast to generic MSSM with non- 
universal soft squark masses where the rate can be close 
to experimental bounds Q. 

We see that, even though the flavor violation is shifted 
to the up- type sector, we still do not have large FCNC 
nor CP violation in t, c decays. This is because of heavy 
m, rrig masses as required by meson mixings, and absence 
of enhancement mechanisms in gluino and neutralino di- 
agrams. 
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C. Light Strange-Beauty Squark? 

In this paper we have focused on the general case of 
naturaUy large dR-bn or SR-hn mixings as a consequence 
of Abelian flavor symmetry with SUSY. As we have seen, 
kaon FCNC constraints require texture zeros to remove 
d-s mixing. This is done by QSA, which shifts the source 
of Cabibbo angle to up-type sector. It then follows that 
both the mixing constraint and D'^ mixing bound 
demand TeV scale SUSY particles. In the case of d^- 
bu mixing (mutually exclusive with SR-bfj mixing), 
mixing constraint also implies TeV scale sparticle masses, 
and one could get maximal sin 20i as suggested by recent 
Belle result ||]. 

The SR-bR mixing case has several special features 
worthy of note. First, it is maximal, largely because 
Vcb ~ iTis/mb ~ A^. Second, unlike Auib^ which is pre- 
cisely measured already, we only have a lower bound on 
Attib^- In fact, data hints at Atob^ > Arn^. From the 
latter, one cannot draw the conclusion that mixing 
data demand TeV scale sparticles. From the former, it is 
intriguing that, in fact, one has a mechanism for the pos- 
sibility of one light squark. As pointed out in Rcf. WSl, 
the "democratic" nature of the 2-3 sub-matrix of M^rr 
in Eq. not only induces maximal SR-bR mixing, 

it could also drive one mass eigenstate sbi, dubbed the 
"strange-beauty" squark because it carries both fla- 
vors equally, to be much lighter by level splitting. What 
is rather surprising is that, having Jbi as light as 100 GeV 
does not make visible impact on the b —^ sj rate. Thus, 
the light sbi scenario survives one of the strongest known 
constraints on new physics! This has phenomcnological 
bearings. 

The general average squark mass scale m is still fixed 
by and D'^ mixings at TeV. But with some tuning 
in the MdRR matrix, for example m^^/fn^ ~ 1 to A'^ 
order, 'sbi can be brought down to 100 GeV. With such 
large squark mass splittings, the formulas in previous sec- 
tions do not apply, but one can still follow Ref. |^^. In 
fact, we find that the Br (6 sj) constraint itself can be 
easily satisfied even if mj^^ 0. We note three major 
consequences of experimental interest: i) Because of low 
sbi mass, sizable C7 is generated. Although it is sub- 
dominant in 6 — > 57 rate, it allows the mixing dependent 
CP asymmetry, e.g. in Bg 07, to go up to 60%. There 
is no need to resort to nonstandard C-terms in this case, 
ii) A light ^i squark further enriches Bs mixing and its 
associated CP phase. Am^^ could be close to or larger 
than the SM expectation, and a non- vanishing CP phase 
in Bs mixing can be measured readily in the moderate 
xb^ case, iii) A light sbi squark clearly offers itself for di- 
rect search at future colliders, in a model where sparticles 
are otherwise at TeV scale. In fact, one neutralino, the 
bino, could also be rather light. A possible decay hence 
search scenario is sl)i (6, s) + Xi with equal probability 
of s and b quarks in decay final state. Note that other 
predictions, such as sizable xd from SUSY, still hold. 



This special scenario, perhaps a bit tuned, seems tai- 
lor made for spectacular measurements at the Tevatron 
and the future LHC. More details and discussions can be 
found in Ref. |4|. 

VIII. CONCLUSION 

In this work, we make a complete one-loop analysis in 
SUSY AHS models on FCNC concerning Ba,Bs,K°, D° 
mixings and 6 — *■ ^7, 57 decays. We find that Bd (Bg) 
and 1)° mixings all receive sizable SUSY contributions 
even with TeV scale superparticles. 

Large off-diagonal elements involving the third gener- 
ation in the fermion mass matrices follow naturally in 
AHS models. Hence, flavor mixings involving djR are 
naturally prominent. It could be the source for near max- 
imal sin 201 given by recent experiments. For ruq and rrig 
at TeV scale, the effects could be comparable to SM in 
Bd (or Bs) mixing, leading to 4>b^ ^ 0i (or 4>b, ^ 0), 
while mixing and Ek require quark-squark alignment 
to make M^^ and Mj^ vanish. This shifts Vus to u sector, 
and ul-cl mixing with masses ~ TeV gives mixing 
that is tantalizing close to recent hints from data. With 
the same squark mixings, the chargino induced contri- 
butions to the kaon mixing also points to a TeV scale 
for superparticle masses, independent of Atub^ consid- 
erations. There is a special variant where a "strange- 
beauty" squark is driven light by maximal SR-bR mixing, 
which can give rise to even more astounding phenomena, 
but with little impact on Bd system. Otherwise, TeV is 
in general the preferred sparticle scale in this model. 

With such heavy gluino and squarks, one has few other 
low energy phenomena, and prospects for direct produc- 
tion are depressing. It is possible to have ~ 10% mixing- 
dependent asymmetry, 0^/07 in 6 — > 57 and d'y transi- 
tions. In addition, these asymmetries are sensitive to 
nonstandard soft breaking terms via tan/3 enhancement, 
and asymmetries could be up to 60% in 6 —s- 57 when 
the Br(B Xs^) constraint is taken into account. If we 
insist on non- vanishing MJ^, the kaon mixing constraint 
requires, indirectly, that s flavor is almost decoupled from 
the other down flavors. It is then possible that one has 
SUSY effects in Bd, but not Bs mixings, while OpO^ 
and a^Oy could be maximal with rate enhancements up 
to a factor of five. Alternatively, effects could concen- 
trate in Bs system and 5 — > 57 (plus D'^ mixing). The 
phenomenology outlined here can be tested at B factories 
and the Tevatron in the next few years even if the New 
Physics scale is so high such that direct searches show no 
effect. 
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